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Objectives. This study evaluated whether magnetic resonance
imaging (MRI) and magnetic resonance (MR) phase velocity
mapping could provide accurate estimates of stenosis severity and
pressure gradients in aortic coarctation.
Background. Clinical management of aortic coarctation re-
quires determination of lesion location and severity and quanti-
ﬁcation of the pressure gradient across the constricted area.
Methods. Using a series of anatomically accurate models of
aortic coarctation, the laboratory portion of this study found that
the loss coefﬁcient (K), commonly taken to be 4.0 in the simpliﬁed
Bernoulli equation P  KV2, was a function of stenosis severity.
The values of the loss coefﬁcient ranged from 2.8 for a 50%
stenosis to 4.9 for a 90% stenosis. Magnetic resonance imaging
and MR phase velocity mapping were then used to determine
coarctation severity and pressure gradient in 32 patients.
Results. Application of the new severity-dependent loss coefﬁ-
cients found that pressure gradients deviated from 1 to 17 mm Hg
compared with calculations made with the commonly used value
of 4.0. Comparison of MR estimates of pressure gradient with
Doppler ultrasound estimates (in 22 of 32 patients) and with
catheter pressure measurements (in 6 of 32 patients) supports the
conclusion that the severity-based loss coefﬁcient provides im-
proved estimates of pressure gradients.
Conclusions. This study suggests that MRI could be used as a
complete diagnostic tool for accurate evaluation of aortic coarc-
tation, by determining stenosis location and severity and by
accurately estimating pressure gradients.
(J Am Coll Cardiol 1996;28:1818–26)
1996 by the American College of Cardiology
Coarctation of the aorta is a congenital malformation in which
constriction of the aorta causes hypertension proximally and
reduces blood ﬂow distally. Clinical management depends on
identifying the location and severity of the coarctation and
determining the pressure gradient across the lesion. If the
stenosis is severe or the pressure gradient is large, or both,
surgical intervention or balloon angioplasty is required (1,2).
Currently, X-ray angiography is the most common method of
locating the aortic coarctation. X-ray angiography requires
cardiac catheterization, injection of contrast dye and sedation
and necessitates exposing the patient to ionizing radiation. The
use of X-ray angiography is especially problematic if multiple
follow-up examinations after surgical repair are needed. Pa-
tients with coarctation require close postsurgical follow-up
because restenosis after angioplasty and development of aneu-
rysm after patch graft repair are not uncommon (3–6).
Transthoracic duplex Doppler ultrasound can be used to
evaluate aortic coarctation, but consistent results are difﬁcult
to achieve because of problems with obtaining a clear acoustic
window, interference from lung tissue and difﬁculties in deter-
mining the throat diameter of the coarctation (7–9). An
advantage of ultrasound is that it can be used to obtain an
estimate of the pressure gradient across coarctations. Pressure
gradient estimates are obtained using throat velocity measure-
ments in the simpliﬁed Bernoulli equation
PKVt2, [1]
where P is the pressure gradient across the coarctation (mm
Hg), Vt the throat velocity (m/s) and K the loss coefﬁcient,
often referred to as the Bernoulli coefﬁcient (mm Hg-s2/m2),
which is commonly taken to be 4.0.
Pressure gradient estimates from the simpliﬁed Bernoulli
equation are not always accurate because of several assump-
tions. The simpliﬁed Bernoulli equation assumes that the
velocity proximal to the stenosis is negligible. This assumption
is reasonable for severe stenoses (75%), and errors may be
corrected in mild stenoses by accounting for the proximal
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velocity (10). However, there are other assumptions in the
Bernoulli equation that cannot be easily corrected:
1. The simpliﬁed Bernoulli equation assumes that a pres-
sure distal to a stenosis remains at a constant value, equal to
the pressure at the throat of the stenosis. In reality, this
assumption is true only for a narrow range of stenoses with
severity of 75%. For stenoses with severity 75%, some
pressure recovery occurs past the throat of the stenosis (11).
The simpliﬁed Bernoulli equation (equation 1) will not ac-
count for this pressure recovery and hence will overestimate
stenosis severity in mild constrictions. Experimental studies
have shown (11) that pressure gradients will be overestimated
by as much as 30% in mild constrictions.
2. For more severe stenoses, high levels of turbulence are
present in the ﬂow ﬁeld distal to the throat of the stenosis, and
the turbulence causes an irrevocable pressure loss that contin-
ues past the throat of the stenosis (10,12,13). The simpliﬁed
Bernoulli equation will not account for this secondary pressure
loss and hence will underestimate stenosis severity (9). Exper-
imental studies of stenotic heart valves have shown (9,11) that
for severe stenoses (85%), the simpliﬁed Bernoulli equation
will underestimate the pressure gradient. These theoretic and
experimental studies indicate that the loss coefﬁcient, com-
monly taken to be a constant value of 4.0, is actually a function
of the severity of the stenosis. Figure 1 illustrates a qualitative
graph of pressure versus position in the stenosis and shows
pressure recovery in mild stenoses and turbulent pressure loss
in severe stenoses.
3. The shape of the stenosis is another factor that can cause
errors in the pressure gradient estimates using the simpliﬁed
Bernoulli equation. A sharp-edged oriﬁce-type stenosis will
resemble a free jet, and levels of turbulence intensity and
pressure recovery distal to the stenosis will be different from
that found in a smoothly varying stenosis, which resembles a
conﬁned jet (11,13). Therefore, in addition to dependence on
stenosis severity, the shape of the stenosis will also affect the
value of the loss coefﬁcient.
Use of loss coefﬁcients based on stenosis severity would
require that the velocity and vessel diameter at the throat of the
stenosis be accurately known. Magnetic resonance imaging
(MRI) is a noninvasive imaging modality that is now being used
extensively to evaluate vascular disease (14–17). In addition to
visualizing vessel lumens, magnetic resonance (MR) phase veloc-
ity mapping techniques can create quantitative images of blood
ﬂow velocities. Consequently, ﬂow velocities at the throat of the
stenosis can be determined using MR phase velocity mapping.
Magnetic resonance phase velocity mapping has been used to
measure velocities in high ﬂow stenotic lesions, such as aortic
valve stenosis, and the technique has proved to be accurate
(18,19). Several previous studies have usedMRI for evaluation of
aortic coarctation. These studies have shown (3,7,8,17) that MRI
is superior to ultrasound in determining the location of coarcta-
tions and compares well with X-ray angiography in estimating
coarctation severity. Because MRI can measure the velocities in
the throat and can make accurate images of the vessel diameter,
it could be used to more accurately determine pressure decreases
across aortic coarctations using values of loss coefﬁcients based on
stenosis severity.
The purpose of the present study was to conduct a con-
trolled laboratory study of models of aortic coarctation to
Abbreviations and Acronyms
ECG  electrocardiographic
MR  magnetic resonance
MRI  magnetic resonance imaging
3D  three-dimensional
Figure 1. Pressure gradient in stenosis and diagram of
coarctation ﬂow model. Upper diagram shows the stenosis
model, and the lower graph illustrates pressure as a position
in the stenosis. Along the stenosis in the direction of ﬂow, a
small pressure loss due to frictional viscous losses occurs
(this is the reason for the slight downward slope on the ﬁrst
portion of the curve in the graph). Near the throat of the
stenosis, velocity increases, and pressure decreases. Distal to
the stenosis, several possible scenarios may occur, depend-
ing on the severity of the stenosis. If the stenosis is mild,
signiﬁcant (even complete) pressure recovery may occur.
For these mild stenoses, the loss coefﬁcient K is 4.0. If the
stenosis is moderate, turbulent energy loss will cause the
pressure distal to the stenosis to remain approximately
equal to the pressure at the throat of the stenosis. This is the
case for the Bernoulli relation where the loss coefﬁcient K is
equal to 4. If the stenosis is severe, turbulent energy losses
may be great enough to cause the pressure to drop below its
value at the throat of the stenosis. In this case the loss
coefﬁcient K is 4.0. The ﬂow model was based on a series
of biplane angiograms of aortic coarctations. A Doppler
velocity probe was used to measure the throat velocity, and
pressure transducers were used to measure the pressure
gradient across the stenosis.
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determine loss coefﬁcients as a function of stenosis severity and
to apply the new loss coefﬁcients to estimate pressure gradient
in a series of patients. Peak systolic pressure gradients were
calculated with MRI in 32 patients using the new severity-based
loss coefﬁcients and versus 1) MRI pressure gradient estimates
calculated with the commonly used loss coefﬁcient value of 4.0;
and 2) Doppler ultrasound estimates of pressure gradient or
invasive catheter pressure measurements, or both.
Methods
Flow models. To accurately quantify the loss coefﬁcients in
aortic coarctation, an in vitro laboratory model study was
designed to consider the geometry and ﬂuid ﬂow characteris-
tics. Six glass tube models were constructed on the basis of a
series of biplane angiograms of aortic coarctations. The models
had coarctations with severities of 50%, 55%, 60%, 70%, 80%
and 90% by diameter. The upstream and downstream diame-
ters were 25 and 32 mm, respectively, to account for post-
stenotic dilatation. Immediately downstream of the coarcta-
tion, a tap was placed at an angle of 60 with the centerline for
Doppler ultrasound throat velocity measurements. Taps for
pressure measurements were placed 2 diameters upstream of
the throat of the coarctation and 10 diameters downstream of
the coarctation, outside the region of pressure recovery (10).
An illustration of the model is shown in Figure 1.
The models were placed in a recirculating ﬂow system, and
a transit time ultrasound ﬂowmeter was placed upstream of the
test section (Transonics, Inc., model T101). A computer-
controlled ﬂow valve generated a physiologic pulsatile ﬂow
waveform (20). The input pressure waveform was created from
the average of several upstream pressure waveforms obtained
by catheter from patients with coarctation.
The test ﬂuid used was a water/glycerin mixture adjusted to
match the viscosity (3.8  10	6 m2/s) and density of blood at
high shear rates (21). Throat velocity and pressure gradient
measurements were made for ﬂow rates from 0.5 to 5.0
liters/min, which covered a wide range of pediatric and adult
cardiac output values (22). The values of nondimensional
physiologic Reynolds numbers in the models ranged from 350
to 1,300. Cornstarch particles were placed in the ﬂuid to
backscatter the ultrasound beam. The throat velocities in the
glass models were determined with an eight-channel pulsed
Doppler ultrasound device (Instruments Development Labo-
ratories, Baylor College of Medicine) with a theoretic sample
volume height of 0.6 mm. Upstream and downstream pressure
measurements were made with a solid state differential pres-
sure transducer (Omega PX26).
In the 80% model, the maximal pressure decrease was
recorded and correlated with the square of the throat velocity
for pulsatile ﬂow at several ﬂow rates to determine the loss
coefﬁcient (equation 1). The experiments were then repeated
for steady ﬂow conditions at the peak systolic ﬂow rate in the
pulsatile ﬂow experiments. Similar correlations were made
between pressure drop and the square of the throat velocity.
The steady ﬂow results were compared with those from the
pulsatile experiments to evaluate the need for pulsatile ﬂow in
further studies.
In all the models, measurements of pressure gradient versus
throat velocity squared were conducted and the loss coefﬁ-
cients determined. These severity-based loss coefﬁcient values
were compared with the commonly used value of 4.0 mm
Hg-s2/m2 in the simpliﬁed Bernoulli equation (10,23–32).
Imaging studies. Patients underwent imaging using the
standard pediatric cardiovascular imaging protocol established
at our institution. All images were obtained on a Philips
Medical Systems ACS 1.5-T scanner using a quadrature body
coil. After positioning the subject within the scanner, electro-
cardiographic (ECG) gated coronal and transverse spin echo
images were obtained. The images had a slice thickness of
10.0 mm and a slice gap of 1.0 mm, and 10 slices were obtained
in each orientation, which covered the entire ascending, trans-
verse and proximal descending aorta.
To obtain MR angiographic images, a gradient–echo, “gat-
ed sweep” technique was used. The gated sweep is an inﬂow
refreshment technique that acquires data only during a user-
selectable portion of the cardiac cycle (33). By continuously
exciting a slice, the signal from static tissue is suppressed, but
the signal from ﬂowing blood is bright because it enters the
image during the time between excitation pulses. Hence,
images show ﬂowing blood as bright and static tissue as dark.
By acquiring data only during diastole, pulsatile ﬂow artifacts
are minimized, and signal loss from post-stenotic turbulence is
minimized because of lower diastolic ﬂow. For this study, data
were acquired from end-systole to 100 ms before the next r
wave, as estimated from the patient’s ECG tracing. The
repetition time for the scan was 18.0 ms; the echo time was
6.2 ms; the ﬂip angle was 60; and ﬁrst-order gradient moment
nulling (velocity compensation) was used. The ﬁeld of view for
the scan was 270 mm; the scan matrix was 256  128; and two
signal averages were acquired. The slice thickness for the gated
sweep scan was 4.0 to 5.0 mm, and the slices overlapped by
1.0 mm. Twenty to 40 transverse slices were obtained to cover
the entire aortic arch and were used to create a three-
dimensional (3D) data set of the aortic arch and coarctation.
After the gated sweep scan was completed, quantitative
velocity measurement was performed in the oblique sagittal
plane using a phase velocity mapping sequence. The plane was
set up on the spin echo and gated sweep images so that it
would pass through the throat of the coarctation, which could
be seen on one or both images. With the phase velocity
mapping technique, imaging gradients are adjusted such that
the intensity of the phase images is directly proportional to the
velocity of ﬂowing blood (34,35). The accuracy of the tech-
nique has been veriﬁed in both in vitro and in vivo studies to be
5% (35–38). Velocity measurements were taken at 16 equally
spaced time points over the cardiac cycle, and two signals were
averaged. The scan was performed with a ﬁeld of view of
250 mm, a scan resolution 128  128 and a velocity-encoding
value (maximal velocity without aliasing) of 400 to 500 cm/s.
By examining the MR angiograph and estimating the
direction of the ﬂow jet in the coarctation, the velocity-
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encoding direction (foot–head or anterior–posterior) could be
chosen. The appearance of the ﬂow jet on the velocity-encoded
scans allowed determination of the angle between the velocity-
encoding direction and the jet. The velocity could then be
corrected by simply dividing the velocity value by the cosine of
the angle between the velocity-encoding value and the direc-
tion of the jet (35).
The transverse gated sweep images were transferred to an
ISG Allegro graphics workstation (ISG, Inc.) for image seg-
mentation and 3D reconstruction. In each of the two-
dimensional images, the vessel was identiﬁed by using a
thresholding algorithm that segmented the vessel from the
static tissue (6). This image segmentation was performed by a
pediatric cardiologist (W.J.P.) experienced in interpreting MR
images. After the vessel geometry was identiﬁed in the trans-
verse images, the aorta was constructed into a single 3D object.
The program allowed rotation of the object in any direction
and allowed measurements to be made on the object. From the
3D object, a measure of the stenosis severity was made by
measuring the vessel diameter at the throat of the coarctation
and at a point proximal to the coarctation.
Patients. A series of 32 consecutive patients (mean age
10.5 years, range 1 to 23) who were referred to our institution
for evaluation of aortic coarctation with MRI from November
1993 to August 1995 were included in the study. All patients
were status postsurgical repair of the coarctation. The repairs
included patch grafts, tube grafts, subclavian ﬂap repairs or
balloon dilation. The timing of the MRI examination after the
operation varied from 1 month to 11 years.
In 22 of the patients, Doppler ultrasound estimates of the
pressure gradient were available and were compared with
those from MRI estimates. Doppler ultrasound examinations
were done at our institution on a Hewlett-Packard Sonos 2000
using a 2.7/3.5-MHz transthoracic transducer or in the ofﬁce of
the referring physician. A loss coefﬁcient of 4.0 was used to
estimate pressure. In all cases but one, the ultrasound exami-
nation was done within 1 month of the MRI examination. In
the one exception, the Doppler examination was done within 6
months of the MRI examination.
In six patients, cardiac catheterization was performed by
standard techniques using a Berman 5F catheter, and the
pressure gradient across the coarctation was measured. In all
cases, the catheter pressure measurement was done at our
institution.
Results
Model studies. Correlations of pressure gradient as a func-
tion of the square of the throat velocity were made at the peak
ﬂow value during pulsatile ﬂow and during steady ﬂow at the
peak value in the 80% coarctation model. The peak pressure
gradients during pulsatile ﬂow showed no signiﬁcant difference
with steady ﬂow at the peak ﬂow value for slope, y-intercepts
or regression coefﬁcients. Figure 2 illustrates pressure gradient
versus throat velocity squared for steady and pulsatile ﬂow
conditions. There was no signiﬁcant difference between the
pressure versus velocity-squared relation for the steady and
pulsatile ﬂow data (p  0.05 for the slopes of the lines in Fig.
3 using a Student t test). Thus, ﬂow conditions could be fully
modeled with steady ﬂow. Pressure gradient versus velocity-
squared measurements for the 50%, 55%, 60%, 70% and 90%
stenoses were performed under steady ﬂow conditions only.
The loss coefﬁcient K, deﬁned as the ratio of pressure
gradient to the square of the throat velocity, was found to be a
function of ﬂow rate and percent stenosis (Fig. 3). It was
observed that the loss coefﬁcient approached a value of 4.0 mm
Figure 2. Comparison of pressure gradients in steady
(circles) and pulsatile ﬂow (crosses). In the 80% model,
experiments were conducted for pulsatile ﬂow and for
steady ﬂow at the peak ﬂow rate in pulsatile ﬂow. Peak
pressure gradient in the pulsatile ﬂow and the pressure
gradient in steady ﬂow were correlated. The pressure
gradient measurement correlated well between the steady
and pulsatile ﬂow (R  0.98).
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Hg-s2/m2 for moderate ﬂow through the 65% to 70% stenosis
model. Although the loss coefﬁcient varied with ﬂow rate in
every model, it was constant for ﬂow rates 1.5 liters/min.
Because the loss coefﬁcient is a strong function of percent
stenosis, percent stenosis should be determined before esti-
mating the pressure drop in a patient.
Pressure gradient versus the square of the throat velocity
was plotted for each individual model, and the loss coefﬁcient
(slope of the line) was determined for each model. Table 1 lists
the loss coefﬁcients for the various values of stenosis severity.
The loss coefﬁcient was 4.0 mm Hg-s2/m2 in the models with
stenoses less severe than 70%. For a stenosis with a severity of
90%, the loss coefﬁcient was 4.9 mm Hg-s2/m2.
Patient studies. In all patients, the coarctation was success-
fully visualized on the spin echo and gated sweep images. A 3D
image was reconstructed from the gated sweep images, Figure
4 illustrates an aortic coarctation in one of the patients (arrow
shows coarctation location). The measurements of stenosis
severity were taken as the smallest dimension on the 3D
objects and compared with the nominal upstream diameter to
calculate stenosis severity. The phase velocity scan was success-
ful in 29 of 32 patients. One of the three patients with an
unsuccessful scan presented with confusing geometry, and
velocity was encoded in the incorrect direction. The other two
patients had moved during the phase velocity scan. Figure 5A
illustrates the slice location of a phase velocity scan superim-
posed on a transverse spin echo image (arrows show slice
location). Figure 5B illustrates a phase velocity map at peak
systole from one of the patients (arrows show location of
increased velocity). From these images, the peak throat veloc-
ity in the coarctation was obtained using software available on
the scanner. Using the peak systolic throat velocity measure-
ments and the stenosis severity measurements, pressure gradi-
ents were calculated.
A computer program was created to determine the pressure
gradient for a given stenosis severity and throat velocity. This
program used the loss coefﬁcient values obtained in the
laboratory portion of the experiments. Once the throat velocity
was entered, the program linearly interpolated between loss
coefﬁcient values to provide severity-based estimates of pres-
sure gradients across coarctations.
Table 2 presents patient data and pressure gradients in the
32 patient studies calculated from the MR phase velocity maps
with the severity-based loss coefﬁcients determined in the
model study and with the commonly used value of 4.0. The
error in determining the peak systolic pressure gradient using
a loss coefﬁcient K of 4.0, compared with the severity-based
coefﬁcients, ranged from 1 to 18 mm Hg. In 22 patients an
estimate of peak systolic pressure gradient was available from
an ultrasound examination, and these data are also presented
in Table 2. In six patients, these data were available from
pressure gradient measurement during catheterization and are
also presented in Table 2.
The ultrasound estimates of pressure gradient are plotted
Figure 3. Loss coefﬁcient plotted versus ﬂow rate for all models. The
value of the loss coefﬁcient varied with ﬂow rate at low ﬂow values.
However, for ﬂow rates 1.5 liters/min, the loss coefﬁcient was
constant. For models with severity less than 65%, the loss coefﬁcient
was 4.0. For models with severity greater than 65%, the loss
coefﬁcient was 4.0.
Table 1. Stenosis Severity-Based Coefﬁcients Versus Loss
Coefﬁcients Determined From Laboratory Model Studies
Stenosis Severity
(mm Hg-s2/m2)
Loss Coefﬁcient
(mm Hg-s2/m2)
50% 2.3
55% 2.8
60% 2.9
70% 4.2
80% 4.3
90% 4.9
Figure 4. Three-dimensional reconstruction of an aorta with a coarc-
tation. A 3D image of the aorta was created for all the patients. The 3D
image was created from the set of multiple transverse images obtained
with the gated inﬂow technique. The aorta was segmented out in each
individual image by a pediatric cardiologist (W.J.P.). The 3D image of
the aorta was then created from the segmented images by an image
processing program (ISG Allegro, Toronto, Ontario, Canada).
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against the MRI pressure gradient estimates calculated using a
loss coefﬁcient of 4.0 (for both techniques) in Figure 6. The
graph indicates excellent correlation between the two methods
(R  0.91). In 19 of the 22 patients with available ultrasound
examination results, MRI pressure gradient estimates agreed
with ultrasound to within 10%. In three cases, MRI estimates
of pressure gradient were lower than those of ultrasound (by
10%). This graph indicates that MRI pressure gradient
estimates using a loss coefﬁcient of 4.0 agrees well with
Doppler ultrasound, indicating that the techniques are similar
for measuring stenotic throat velocities. However, Table 2
shows that MRI can make pressure gradient measurements
that are improved over ultrasound by using severity-based loss
coefﬁcients.
Figure 7 plots the pressure gradient averaged over all
subjects who had all three examinations: 1) MRI with the
severity-based loss coefﬁcient; 2) Doppler ultrasound; and 3)
cardiac catheterization. Figure 7 shows that MRI estimates
made using the severity-based loss coefﬁcient and catheteriza-
tion pressure measurements are both signiﬁcantly lower than
those of ultrasound (p  0.05). If the catheterization pressure
gradient measurements are taken as the reference standard,
Figure 8 shows that the MRI pressure gradient measurements
made using the severity-based loss coefﬁcients agree well with
catheterization pressure measurements (difference not signif-
icant at p  0.05), and MRI measurements are more accurate
than those measurements made with Doppler ultrasound.
Discussion
The results of the present study indicate that a combination
of MRI and MR phase velocity measurements can accurately
Figure 5. Magnetic resonance phase velocity map through the throat
of a coarctation. The velocity image was planned through the throat of
the coarctation on the transverse spin echo image (A). In the phase
velocity map (B), image intensity is directly proportional to velocity.
The bright signal in the ascending aorta indicates rapid ﬂow toward the
head; the dark signal in the descending aorta indicates rapid ﬂow
toward the feet. Arrows indicate the location of the coarctation where
a local increase in velocity is seen.
Table 2. Patient Data and Pressure Gradients
Pt No./
Age (yr)
Severity
(by diam)
Peak Systolic Pressure Gradient (mm Hg)
MR
(K  4)
MR (K
severity
based)
Doppler
Ultrasound
(K  4)
Invasive
Catheter
1/0 0.67 24 23 25
2/8 0.47 33 16* —
3/5 Exam failed—incorrect velocity
encoding
8
4/7 0.55 14 10* 28
5/16 Exam failed—patient moved —
7/18 0.48 27 14* —
7/11 0.47 20 10** —
9/5 0.65 42 40 48 38
10/1 0.45 23 11* —
11/14 0.43 27 10* 30 10
12/7 0.45 29 14 — 22
13/11 0.64 49 42 46
14/14 0.67 55 53 —
15/12 0.50 29 16* 36
16/20 0.65 44 42 —
17/10 0.53 25 17 25
18/23 0.60 27 15 25
19/5 0.63 38 32 38
20/15 0.55 35 25 30 10
21/2 0.22 0 0 0
22/7 0.23 0 0 0
23/11 0.44 15 7 —
24/13 0.65 20 18 —
25/1 0.65 49 47 50
26/10 0.25 0 0 0
27/10 0.45 23 12* 25
28/14 Exam failed—patient moved —
29/18 0.44 23 10* 20
30/15 0.65 23 21 — 20
31/21 0.40 11 3 —
32/4 0.45 23 11* 26 5
*Severity-based loss coefﬁcient differed from value obtained with K  4 by
40%. diam  diameter; Exam  examination.
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determine pressure gradients across coarctations by determin-
ing both stenosis severity and throat velocity. Because the loss
coefﬁcient is a strong function of stenosis severity, the percent
stenosis should be known before estimating the pressure
decrease in a patient. By using severity-based loss coefﬁcients,
MRI can make pressure gradient measurements that are more
accurate than estimates that simply assume a constant loss
coefﬁcient of 4.0. Magnetic resonance imaging offers a com-
plete noninvasive examination of aortic coarctation because
stenosis location and severity can be determined with angio-
graphic sequences, and the pressure gradient can be deter-
mined with MR phase velocity mapping. In addition, the
inherent 3D nature of MR angiography is a useful tool for
surgical planning.
Model studies. The laboratory studies showed that in mild
stenoses (60%), using a loss coefﬁcient of 4.0 tended to
overestimate the pressure gradient. In mild (60%) stenoses,
the discrepancy between using a loss coefﬁcient of 4.0 and a
severity-based loss coefﬁcient is due to the proximal velocity
being ignored and to the pressure recovery distal to the
stenosis. In severe stenoses, the upstream velocity can be
neglected, but the pressure losses from turbulence cause an
extended pressure drop that extends downstream of the coarc-
tation. This increased pressure loss will cause underestimation
of the pressure gradient when applying the simpliﬁed Bernoulli
equation.
In stenoses with severities near 65%, the effects of overes-
timation of pressure gradients in mild stenoses and underesti-
mation of pressure gradients in severe stenoses counteract
each other such that the simpliﬁed Bernoulli equation accu-
rately estimates the pressure drop. Our experimental results
agree with previous ﬂuid mechanical analyses of stenotic
pressure gradients and previous analyses of the Bernoulli
equation that show the same results (9,10).
As mentioned earlier, in addition to stenosis severity, the
Figure 6. Correlation of the MRI and Doppler ultrasound pressure
gradient estimates. In the 22 patients with available Doppler ultra-
sound estimates of pressure gradient, the MRI pressure gradients
calculated with a loss coefﬁcient of 4.0 are plotted against the
ultrasound estimates. Correlation between the two methods was
excellent (R  0.91). In 19 of the 22 patients, the MRI and ultrasound
estimates were within 10%, indicating that MRI using a loss coefﬁcient
of 4.0 provides pressure gradient estimates comparable to ultrasound.
However, using severity-based loss coefﬁcients, MRI results in im-
proved estimates of pressure gradient.
Figure 7. Pressure gradient values from pa-
tients who had all three examinations (MRI,
Doppler ultrasound, catheterization). Pressure
gradient was determined by 1) MRI using
severity-based loss coefﬁcients; 2) Doppler ul-
trasound; and 3) cardiac catheterization. The
values of pressure gradient calculated with MRI
using the severity-based loss coefﬁcient were
less than those estimated with Doppler ultra-
sound (20 vs. 34, p  0.05). The MRI pressure
gradient estimates made with the severity-based
loss coefﬁcients agree well with catheterization
values (20 vs. 18, no signiﬁcant difference, p 
0.05). Hence, use of the severity-based loss
coefﬁcients will result in a more accurate esti-
mate of pressure gradient.
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shape of the stenosis can have an effect on the values of the loss
coefﬁcients. For this study we used a model that was derived
from a series of angiograms of aortic coarctations. Therefore,
the shape represented the characteristic “pinch” geometry of
an aortic coarctation. Although the loss coefﬁcients deter-
mined in this study could be applied to other geometries, the
values determined were for aortic coarctation geometries only.
The shape of the loss coefﬁcient curves as a function of ﬂow
rate (Fig. 2) can be explained by the principles of ﬂuid
mechanics. In general, for high ﬂow rates, turbulent pressure
losses are proportional to the square of velocity; consequently,
the loss coefﬁcient is constant (39). For low ﬂow rates, pressure
loss increases linearly with velocity, and the loss coefﬁcient is
inversely proportional to the ﬂow rate (39). However, because
the loss coefﬁcient is constant with the ﬂow rate for values1.5
liters/min, variation with ﬂow rate can be ignored in most
cases.
Patient studies. The MR phase velocity mapping studies
conducted in patients to determine coarctation throat velocity
and to estimate pressure gradient show that the use of 4.0 as a
loss coefﬁcient for a wide range of stenoses can lead to errors
in estimating gradients. Errors up to 17 mm Hg were seen in
the patients examined. This error could be large enough to
affect clinical decisions.
Comparison between the pressure estimates obtained with
MRI and ultrasound in patients implies that the use of a loss
coefﬁcient of 4.0 can lead to signiﬁcant errors in pressure
gradient estimates. In one patient with a 45% stenosis, ultra-
sound estimated a pressure gradient of 30 mm Hg (using a loss
coefﬁcient of 4.0), and MRI estimated a pressure gradient of
10 mm Hg using the severity-based loss coefﬁcient. The
pressure measurement at catheterization was also 10 mm Hg.
One limitation of the patient studies is that no severe
coarctations (70%) were included in the study. At our
institution, patients who have a severe coarctation are not
evaluated with MRI; they are taken directly to the operating
room. Hence, inclusion in our study of patients with mild and
moderate coarctation was dictated by clinical practice. A
second limitation is that invasive catheter pressure gradient
measurements were obtained to compare with MRI pressure
gradient estimates in only six patients. However, if the catheter
pressure gradient measurements are assumed to be the refer-
ence standard, the ﬁndings in these six patients do support the
conclusion that use of the severity-dependent loss coefﬁcients
provides a more accurate measurement of pressure gradient
than use of a loss coefﬁcient of 4.0.
Although MRI velocity measurements have been veriﬁed in
a number of in vitro and in vivo studies, there are several errors
that can affect the accuracy of the phase velocity measure-
ments, including off-axis velocity measurements, ﬁnite pixel
size and turbulent signal loss (35–38,40). In the present study,
we acquired scout images in several orientations to ensure that
the phase velocity measurements were performed directly
through the throat of the stenosis with the jet velocity in-plane.
The voxel size for these measurements was 2  2  5 mm,
which was chosen to balance resolution and signal to noise
factors. For pediatric aortas (12 to 15 mm), this voxel size
was sufﬁcient to resolve jet velocities. By using a slice that was
in the plane of the aorta, the problem of turbulent signal loss
did not signiﬁcantly affect the measurements. There was
turbulent signal loss in several of the patients, but it was
downstream of the coarctation. Proximal to the stenosis and in
the throat of the stenosis, signal was preserved, and velocity
measurements of stenosis severity could be made.
Three-dimensional reconstruction of the anatomy of the
coarctation proved particularly helpful to surgeons and refer-
ring physicians. In addition to showing the exact location and
severity of the coarctation, 3D reconstruction showed the
speciﬁc shape of the lesion, allowed visualization of collateral
vessels and elucidated the degree of post-stenotic dilation.
Conclusions. We showed that use of severity-based loss
coefﬁcients allows more accurate determination of the pres-
sure gradient across stenoses. Use of MRI and MR phase
velocity mapping can allow complete evaluation of aortic
coarctation by determining stenosis location, stenosis severity
and pressure gradient across the stenosis, yielding a 3D image
of the aorta for operation.
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